contributes to health disparities. Here, we quantify how well 66,971 experimentally characterized 23 human protein 3D structures represent the diversity of protein sequences observed across the 24 1000 Genomes Project. More than 85% of available structures do not match a sequence observed 25 in at least one individual, and on average structures match the sequence of 74% of individuals. 26 Nearly 23% of human structures do not match any observed sequences; however, after masking 27 engineered/known mutations, this decreases to ~4%. African ancestry sequences are modestly, 28 but significantly, less likely to be represented by structures (73.5% vs. 74.0%). These differences 29 are mainly driven by the greater genetic diversity of African populations. We identify thousands 30 of variants unrepresented in available structures that influence protein structure and function. 31 Thus, the use of a single structure as representative of "the wild type" protein will often bias 32 results against many individuals. The diversity of protein sequence and structure must be 33 considered to enable accurate, reproducible, and generalizable conclusions from structural 34 analyses. 
61
Despite the importance of considering diverse populations, our knowledge of genetic variation 62 and its association with traits is strongly biased toward individuals of European ancestry (Popejoy 63 and Fullerton, 2016). For example, more than 80% of genome-wide association studies (GWAS) 64 have been performed in European ancestry populations, while African, Latin American and (Hauser et al., 2018) . In recognition of these 81 challenges, the US NIH has prioritized inclusion of diverse populations in study of genetic 82 variation and disease (Hindorff et al., 2018) . 83 In light of the central role of protein structures in basic science, clinical analysis, and 84 drug discovery, it is essential to evaluate the implications of human genetic diversity on protein 85 structure and function. In this work, we quantify the extent to which available protein structures 86 represent human genetic diversity and predict the effects of unrepresented common and rare 87 genetic variants on protein structure. We find that available structures often represent common 88 versions of a protein sequence, but rarely represent all individuals, and thus failure to account for 89 human genetic diversity can result in inappropriate overgeneralization about protein function 90 from structural analyses. Furthermore, we find that individuals of African ancestry are the least 91 likely to be represented by and have the most sequence differences from available protein 92 structures. However, these differences are less extreme than in many genomic databases. To help 93 address these challenges, we quantify the degree to which each analyzed human protein structure 94 represents different human populations and whether population-specific differences in sequence 95 are likely to translate into altered structure and function. 96 
97

RESULTS
99
Integrating population genetic variation and protein structures Figure 2B ; Figure S3B ).
174
Examining the most sequence-diverse structures, the 293 in the top 10% for both FST and 
2B
more PDB structures, and 73 of these variants were common. The most frequent consequences 187 were stop gain variants followed by frameshift, and then in-frame deletions. are given with the molecular function they illustrate. Additional examples are given in Figure S4 . 197 Thus, it is common for available protein structures to differ from the amino acid sequence 198 present in many humans, even in the relatively small sample from 1000G. However, the degree to 199 which these differences impact structure and function depends on their context and extent. 200 Therefore, in the next sections, we evaluate the structural and functional relevance of these 201 sequence differences. We focus on the "reverted" sequences in which engineered mutations are 202 reverted to original annotated residue. However, users of protein structures often do not account 203 for these engineered mutations, and thus where appropriate, we also present results for "raw" , binomial test) and all other populations (P 241 < 9.9 x 10 -324 for all, Figure S5C Figure 4B ; all pairs in Figure S5C ; P given below each structure in (A) 
and (D). 313
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338 339 were destabilizing (positive DDG) and 41 (7%) were stabilizing (negative DDG) ( Figure 5B ).
381
Figure S9 illustrates these results with three representative examples: one predicted to be 382 stabilizing and two predicted to be strongly destabilizing. We determined the thresholds for 383 defining mutations as stabilizing or destabilizing based on four curated datasets of experimentally 384 determined single point mutation DDGs ( Figure S10 ). We report DDG in REU rather than 385 transforming to kCal/mol to emphasize that our results are based on computational modeling.
386
In addition to folding stability, we modeled the effects of variants with high diversity 387 across populations on the stability of PPIs. We used the flex ddG method in the Rosetta modeling populations (<1%, Figure 5D ). The Q89H variant alone and in combination with A83V were 398 both predicted to significantly destabilize the dimer interaction. PDBMap pipeline (Sivley et al., 2018) . In brief, variant consequences were predicted using v82 Non-redundant chain set selection 558 All PDB structural models were grouped by their corresponding Uniprot ID and sorted by the 559 total number of transcript residues they covered (not counting gaps or SEQRES entries that 560 lacked coordinates for any atoms). The structure covering the most residues was retained. For the 561 remaining set of structures, a structure was retained if it overlapped a previously selected 562 structure by less than 50%. This process was repeated for all Uniprot ID groups. A schematic of 563 this method is presented in Figure S2 .
564
In the current structural knowledgebase, domains or sections of a single protein are 565 sometimes split into multiple structures. For example, insulin's B chain is often found as a 566 separate structure from the rest of the protein, leading to its high structure count. When 567 generating the non-redundant set, we found 1,146 proteins with coverage split across structures.
568
The most extreme example, Zinc finger protein 268, was covered by 23 separate structures.
569
Population analyses
571
All sequence identity measures were calculated according to the sequence identity of samples in 572 1000G with the raw or reverted structure sequence. Gaps, residues lacking any atom coordinates, 573 and attached tags that did not align to the corresponding transcript sequence were not considered. We calculated adjusted population size 1 2 for each population i for a sample with different 605 populations using the formula below:
where -is the total number of haplotypes in each population. effects (e.g., annotated functional sites or significant effects on stability or interactions).
767
Modeling of variant effects on protein stability 768 Protein stability calculations were performed using the most accurate high resolution protocol as The authors declare no competing interests. 
